ABSTRACT: More than a billion people lack access to safe drinking water that is free from pathogenic bacteria and toxic metals. The World Health Organization estimates several million people, mostly children, die every year due to the lack of good quality water. Driven by this need, we report the development of PGLa antimicrobial peptide and glutathione conjugated carbon nanotube (CNT) bridged three-dimensional (3D) porous graphene oxide membrane, which can be used for highly efficient disinfection of Escherichia coli O157:H7 bacteria and removal of As(III), As(V), and Pb(II) from water. Reported results demonstrate that versatile membrane has the capability to capture and completely disinfect pathogenic pathogenic E. coli O157:H7 bacteria from water. Experimentally observed disinfection data indicate that the PGLa attached membrane can dramatically enhance the possibility of destroying pathogenic E. coli bacteria via synergistic mechanism. Reported results show that glutathione attached CNT-bridged 3D graphene oxide membrane can be used to remove As(III), As(V), and Pb(II) from water sample at 10 ppm level. Our data demonstrated that PGLa and glutathione attached membrane has the capability for high efficient removal of E. coli O157:H7 bacteria, As(III), As(V), and Pb(II) simultaneously from Mississippi River water. KEYWORDS: 3D porous graphene oxide membrane, CNT-bridged graphene oxide, E. coli O157:H7 bacteria removal, bacteria disinfection, separation of As(III), As(V) and Pb(II) from water
INTRODUCTION
Even in the 21st century, several billion people lack good quality drinking water that is free from pathogenic bacteria and toxic metals. 1−4 According to the World Health Organization (WHO), 3 water contamination by fecal indicator pathogenic bacteria such as Escherichia coli O157:H7 kills more than 10 million children/year under the age of five. Current technology to remove pathogenic bacteria from water is mainly chemical treatment. 1, 2, 5, 6 Due to the chemical resistance, several E. coli O157:H7 strains have become resistant to common disinfection methods, and thus, a need has arisen for new technologies that can be used for highly effective removal and disinfection of pathogens from water. 1, 2, 5, 6 On the other hand, due to the rapidly growing world population, industrialization, intensification of agricultural activities, and urbanization, society faces a major health risk due to the presence of various toxic heavy metals such as As and Pb in natural waters beyond acceptable limits. 7−13 According to the World Health Organization (WHO), 180 million people from more than 70 countries have been exposed to toxic levels of arsenic from drinking water. 4 It is well documented that long-time exposure of arsenic can cause skin, liver, lung, and bladder cancers, which have killed more than 40,000 people in Bangladesh in past few years. 4, 8 As a result, WHO has established arsenic tolerance level of maximum of 10 μg As/L (10 ppb) in drinking water. 4 Other groundwater contaminant which is highly toxic to human health is Pb(II), which can affect the immune system. 13−15 It is well documented that Pb(II) builds up in the body over the years and damages kidneys, liver, blood, and brain cells. 15 Despite the availability of modern technology such as chemical precipitation, adsorption, membrane filtration, or photocatalytic degradation, 7, 8 more than 500 million people are drinking groundwater with As(III), As(V), and Pb(II) concentrations well above the toxicity level. Driven by this need, we report herein the development of peptide conjugated carbon nanotube (CNT) bridged hybrid graphene oxide based three-dimensional (3D) membrane for highly efficient of disinfection of E. coli O157:H7 bacteria, as shown in Scheme 1. We have also reported that same membrane can be used for the removal of As(III), As(V), and Pb(II) from water. The novelty of the reported graphene oxide material based technology is based on separation and removal of biological and chemical toxins selectively and simultaneously.
In the past few years, we and other groups have demonstrated that, due to possible large scale production at low cost, high specific surface area, low mass density, and good flexibility, graphene-based membranes with interconnected porous structures possess novel physical and chemical properties. 16−25 Engineered graphene-material-based membranes have demonstrated significant potential for broad use in a variety of water treatment applications. 26−33 Because two-dimensional (2D) graphene oxide (GO) has plenty of hydrophobic basal plane and hydrophilic oxygen-containing groups on the surface, 34−39 we have developed three-dimensional (3D) graphene oxide based membrane via covalent functionalized using one-dimensional (1D) carbon nanotobe (CNT).
In the last two decades, due to unique properties, 1D CNTs have become advanced materials for possible future applications. 40−47 In our synthesis, we used 1D CNTs to physically separate 2D graphene oxide sheets from accumulation and to increase the porous size of the membrane. To capture and kill pathogens, we have developed PGLa antimicrobial peptide conjugated membrane with a pore size of around 400 nm, which not only can capture E. coli O157:H7 pathogens from water but also has the capability to kill E. coli O157:H7 on contact. PGLa is an α-helical peptide of 21 amino acids (GMASKAGAIAGKIAKVALKAL-NH 2 ), which is known to destroy bacteria by interacting with their lipid membranes. 48−51 Similarly, for the selective removal of Pb(II) and As(III) from water sample, we have modified the membrane with glutathione. Glutathione (γ-L-glutamyl-L-cysteinyl-glycine) is a tripeptide which exists in the cells and protects cellular membranes from the toxic effects of heavy metals by forming complex with Pb(II), As(III), As(V) etc. 10−15 Our experimental data show that PGLa and glutathione peptide conjugated porous membrane can be used as a versatile membrane to remove pathogens and toxic metals and to kill E. coli O157:H7 simultaneously.
EXPERIMENTAL SECTION
2.1. Materials. All the chemicals including PGLa, glutathione, single wall carbon nanotube, graphite, poly(ethylene glycol) (PEG), KMnO 4 , nitric acid, ethylene glycol, arsenic, and lead salts were purchased from Fisher Scientific and Sigma-Aldrich. E. coli O157:H7 bacteria and growth media to grow bacteria were purchased from the American Type Culture Collection (ATCC, Rockville, MD).
2.2. Synthesis of Water-Soluble 2D Graphene Oxide. We have synthesized water-soluble 2D graphene oxide using modified Hummers method, as we have reported recently. 21, 25 For this purpose, we have performed graphite exfoliation by strong oxidizing agents, as shown in shown in Scheme 2A. 16−25 In brief, in the first step, 1.8 g of graphite flakes was treated with 1.8 g of NaNO 3 in 80 mL of H 2 SO 4 and 5g of KMnO 4 for 30 min without changing the temperature. After the recation, black paste was obtained.
In the next step, we filtered and redispersed the obtained graphene oxide in 150 mL of water and sonicated the mixture for several hours for exfoliation. At the end, water-soluble 2D graphene oxide was obtained. We used ultrahigh resolution field emission scanning electron microscopy (FE-SEM HITACHI) coupled with a BF/DF Duo-STEM detector and energy-dispersive X-ray spectroscopy (EDX; Bruker) to characterize 2D graphene oxide. As shown in Figure 1A , EDX mapping shows the presence of C and O in water-soluble graphene oxide.
2.3. Synthesis of Water-Soluble PEG Amine Functionalized SWCNT. For the development of water-soluble PEG amine functionalized single wall carbon nnaotube (SWCNT), in the initial site, we have performed the oxidative treatments of SWCNT using 3:1 ratio of concentrated sulfuric acid and nitric acid, 40−48 as shown in Scheme 2B. During this process, SWCNT tips were chemically functionalized by carboxy group and water-soluble carboxy functionalized SWCNT was obtained. In the next step, we have functionalized bis amine PEG (H 2 N-PEG-NH 2 ) with water-soluble SWCNTs by treating the − CO 2 H of SWCNT with aimne group of PEG in the presence of EDC cross-linking agent under inert medium. For this development, we have used the coupling chemistry between −CO 2 H group of SWCNT and -NH 2 group of H 2 N-PEG-NH 2 to develop amine PEG coupled water-soluble SWCNT, a shown in Scheme 2B. At the end, we have used JEOL 2010-F microscope (TEM) for the characterization of water-soluble PEG amine functionalized SWCNT.
2.4. Synthesis of PGLa and Glutathione-Conjugated CNTBridged 3D Graphene Oxide Membrane. Oxygen-containing functional groups in water-soluble 2D graphene oxide and amine group in PEG-coupled water-soluble SWCNTs are serve as anchoring points for developing CNT-bridged 3D graphene oxide membrane. For the selective disinfection of E. coli bacteria and separation of As(III) and Pb(II), we have developed PGLa and glutathioneconjugated porous membrane. To accomplish this, we used coupling chemistry between −CO 2 H group of 2D graphene oxide and −NH 2 group of glutathine, PGLa peptide and PEG coupled water-soluble SWCNTs via amide linkages as shown in Scheme 2C. For this purpose, 20 mL of 2D graphene oxide, 20 mL of amine PEG-coupled SWCNT, 100 mg of glutathione, and 80 mg of PGLa peptides were mixed together and sonicated for 10 min. After sonication, samples were kept on oil bath at about 60°C under a hood for 80 min. At the end, we have obtained PGLa and glutathione-conjugated CNTbridged 3D graphene oxide semisolid foam, which was used to develop 8 × 8 cm membrane using spin-casting. The membrane structure is shown in Figure 1G . Then, we characterized 3D membrane using scanning electron microscope (SEM), EDX, Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. Figure 1C ,D display high-resolution SEM image with energy-dispersive X-ray spectroscopy (EDX) mapping of the PGLa peptide and glutathione-conjugated CNT-bridged membranes microstructure, which show an interconnected 3D network with a pore size of 300−500 nm. The inset highresolution picture in Figure 1C clearly shows the presence of CNT in 3D membrane. The EDX mapping, as reported in Figure 1D , clearly shows the presence of C, N, S, and O in the 3D hybrid graphene oxide network, which indicates the presence CNT, GO, glutathione and peptides. Next, we have used Thermo Nicolet Nexus 870 FTIR spectrometer equipped with three beam splitters to find out the chemical composition of PGLa peptide and glutathione attached CNT bridges 3D graphene oxide. As shown in the Figure 1E , the FTIR spectrum of the PGLa peptide and glutathione-conjugated CNTbridged membranes show a very strong band at ∼3325 cm −1 , which can be attributed as peptide Amide A band. In the reported IR spectra, we have observed an amide I band at ∼1750 cm −1 which is mainly due to the stretching vibrations of the CO bond of the amide. We have also observed an amide II band at ∼1550 cm −1 , which is mainly due to the in-plane NH bending vibration from peptide. Similarly, an amide III band ∼1260 cm −1 is mainly due to the peptides. Reported IR spectra at Figure 1E also show a strong band at ∼3600 cm −1 , which is mainly due to the −OH stretching vibration. Similarly, IR peaks were observed at ∼1722 cm −1 for the carbonyl (−CO) stretch of carboxylic acid from graphene oxide and CNT. Figure 1F shows the Raman spectra from CNT-bridged graphene oxide membrane which clearly shows the strong D-band ∼1345 cm −1 and a G-band ∼1625 cm −1 . 30−40 Experimentally observed Raman spectra show strong D band which indicates that the surface modification extent for graphene oxide and CNT is high.
2.5. Membrane Characterization. Using nitrogen adsorption analysis via the Brunauer−Emmett−Teller (BET) method, we found that the specific surface area for the membranes was 663 m 2 g −1 , and the pore volume was 0.560 cm 3 g −1 . From BET analysis, we measured the pore size distribution, which shows an average pore diameter of 400 nm. We measured the water flux by collecting the permeate water through the membrane using an electronic balance and calculated water flux of our membrane is 186.3 L m −2 h −1 bar −1 . 2.6. E. coli O157:H7 Bacteria Sample Preparation. E. coli O157:H7 were purchased from the ATCC and then cultured using ATCC protocol as instructed. In brief, E. coli O157:H7 was rehydrated on 8 to 10 mL of Bacto tryptic soy broth (BD) and incubated at 37°C for 24 h. In the next step, a single colony of E. coli O157:H7 from tryptic agar plate was inoculated into 15 mL of tryptic soy broth for 12 h. We diluted the stock solution of bacteria several times to vary the concentration of E. coli O157:H7 from 10 2 −10 6 CFU (colony forming unit)/mL.
2.7. Fluorescence Imaging of E. coli O157:H7 Bacteria. For fluorescence imaging of E. coli O157:H7, we used Cy3 attached PGLa peptide. Imaging experiment was performed using Olympus IX71 inverted confocal fluorescence microscope. For imaging purpose, we used 580 nm light as an excitation source. We used SPOT Insight digital camera for fluorescence collection. Olympus DP capture software has been used for data processing.
2.8. Determination of the Percentage of live E. coli O157:H7 bacteria. After removal by 3D membrane, we transferred E. coli O157:H7 bacteria to colony-countable plates and incubated for 24 h at 37°C. After that, the colony number for each plate was counted with a colony counter (Bantex, Model 920 A).
RESULTS AND DISCUSSION
To understand whether PGLa-conjugated CNT-bridged 3D graphene oxide membranes can be used for the removal of E. coli bacteria from infected water, we spiked 3.2 × 10 6 colonyforming units (CFU)/mL of E. coli with 100 mL of distilled water. After 110 min of gentle shaking, we used our 3D membrane to filter the E. coli infected water sample. In the next step, to find the removal efficiency of E. coli bacteria, we performed reverse transcription polymerase chain reaction (RT-PCR) technique, 52, 53 as shown in Figure 2A . We also used colony plating technique on LB agar in water sample as shown in Figure 2D ,E. Reported experimental data using colony plating technique and RT-PCR clearly show that about 100% E. coli were removed by the PGLa conjugated CNT-bridged 3D graphene oxide membrane.
This very high efficient removal of E. coli bacteria using the CNT-bridged membrane is due to the fact that the size of E. coli bacteria is about 1.5−2 μm, whereas the pore size of the developed CNT-bridged membrane is about 400 nm. Due to the above fact, only water can pass through the porous membrane and E. coli bacteria will not able to go through the PGLa attached membrane. To characterize E. coli bacteria Figures 2F,G, also confirmed the RT-PCR and colony plating technique results, which clearly indicate that after filtration, E. coli bacteria were captured by the membrane and as a result, we have not observed any fluorescence from water sample.
Because E. coli O157:H7 is pathogenic and known to be transmitted through contaminated water or by contact, it is very important that the membrane should be able to disinfect E. coli O157:H7 bacteria after separation, so that after filtration, the membrane should not be harmful for society. As a result, to understand whether the captured E. coli O157:H7 by PGLa conjugated CNT-bridged 3D graphene oxide membranes are alive or dead, we washed the E. coli O157:H7 bacteria captured membrane thoroughly using 150 mL of water. After that, we estimated the amount of live E. coli O157:H7 bacteria using RT-PCR and colony plating technique. As reported in Figure  3A ,B, almost 100% of E. coli O157:H7 bacteria were killed when we used PGLa conjugated CNT-bridged 3D graphene oxide membranes.
Next, to find out whether PGLa peptide conjugation is necessary to destroy E. coli O157:H7 bacteria, we also performed the same experiment with CNT-bridged 3D graphene oxide membrane in the absence of PGLa antimicrobial peptide attachment. Figure 3A ,C clearly shows that most of the E. coli O157:H7 bacteria were alive when CNT-bridged 3D graphene oxide membrane was used. The observed very high killing by PGLa peptide attached CNT-bridged membrane can be due to the several facts: It is reported 34−38 that PGLa has the capability to penetrate the outer membrane of bacteria. Due to the insertion of the PGLa into the inner E. coli O157:H7 bacteria membrane, lateral expansion of the lipid bilayer occurs. Also, PGLa peptide binding can destabilize the inner membrane of E. coli O157:H7 bacteria. Both mechanisms, as discussed above, can be responsible for the E. coli O157:H7 bacteria cell death. Another possibility is that 3D graphene oxide can kill E. coli O157:H7 bacteria by mechanical wrapping, 33, 36, 37 as shown in the SEM and TEM images in Figure 2B ,C. This mechanical wrapping, as discussed above, may cause induced membrane stress on the E. coli O157:H7 membrane by disrupting and damaging cell membranes. The final output can be cell lysis, as reported before. 39−41 Next, to understand how much percentage of E. coli O157:H7 bacteria were killed due to the mechanical wrapping, we performed the same experiment by using only CNT-bridged 3D graphene oxide without PGLa peptide. On the other hand, to find out how much E. coli O157:H7 bacteria is killed by PGLa peptide, we performed an E. coli O157:H7 bacteria killing experiment by adding PGLa directly to the water solution. Figure 3A indicates that PGLa is able to kill roughly 48% of E. coli O157:H7 bacteria in the absence of CNT-bridged 3D graphene oxide, whereas CNTbridged 3D graphene can kill only 11% E. coli O157:H7 bacteria. Our experimental data, as reported in Figure 3A , clearly indicate that PGLa attached CNT-bridged 3D graphene oxide membrane exhibit synergistic killing effect, where almost 100% of E. coli O157:H7 bacteria were killed. The observed synergistic mechanism can be due to the fact that E. coli O157:H7 bacteria are trapped by 3D porus graphene oxide, which causes membrane stress. This condition allows PGLa to bind easily with E. coli O157:H7 bacteria and helps to penetrate the outer membrane of bacteria. As a result, E. coli O157:H7 bacteria are killed due to the disrupted and damaged cell membranes. So, our reported experimental data clearly show that the multimodal mechanism by PGLa attached CNT- bridged graphene oxide membrane can dramatically enhance the possibility of destroying E. coli O157:H7 bacteria due to the synergistic killing mechanism effect.
Next, to understand whether glutathione-conjugated CNTbridged 3D graphene oxide membranes can be used for the separation and removal of the As(III) and Pb(II) from water sample, we performed filtration of 100 mL water sample containing 10 ppm As(III), 10 ppm As(V), and 10 ppm Pb(II) using our 3D membrane. We have used inductively coupled plasma mass spectrometry (ICP-MS) for finding the As(III), As(V), and Pb(II) removal amount.
As shown in Figure 4A −C, our data clearly show that more than 96% As(II), 92% As(V), and 98% Pb(II) have been captured by the membrane. This high removal efficiency is due to As (III) and Pb(II) having very high affinity for glutathione, where both metal ions can bind with glutathione via −SH. And for that reason, glutathione is used to protect cellular membranes from the toxic effects of heavy metals. It is also known that glutathione has the capability to reduce As(V) to As(III) and then make a complex with As(III). As a result, a glutathione-attached 3D membrane can remove As(V), As(III), and Pb(II) via the formation of a chemical complex. Another possible mechanism for high removal of toxic metal ions is due to the adsorption by 3D porous graphene oxide. Because the 3D membrane contains an open pore network, which facilitates fast diffusion of As(III), As(V), and Pb(II) inside 3D network, it allows CNT-bridged graphene oxide membrane to be a good adsorbent with high adsorption capacity for the removal of heavy metal ions. Reported heavy metal removal efficiency for multiple toxic metals together is around 20% higher than previously reported efficiency for individual toxic metal. 35, 38 To understand the contribution of each possible mechanism for the very high toxic metals separation efficiency using 3D graphene oxide membrane, we developed a CNT-bridged 3D membrane without glutathione. As shown in Figure 4D , our experimental data clearly show that only 12% of As(III), 9% of As(V), and 18% of Pb(II) can be removed via adsorption mechanism using CNT-bridged 3D graphene oxide membrane. On the other hand, more than 95% of As(III) and Pb(II) removal is possible when glutathione is present. Our reported experimental data clearly show that the presence of glutathione is necessary for very highly efficient removal of toxic metals like As(III), As(V), and Pb(II).
Next, to find out whether our membrane can be used for the separation of pathogens and toxic metals from the environmental sample, we used Mississippi River water spiked with E. coli, arsenic, and lead. Because Mississippi River water contains different metal ions, by using river water, we are able to test if our membrane can be used for targeted metal ion separation in the presence of other metal ions. For this purpose, we collected water samples from Mississippi River and spiked 3 × 10 6 colony-forming units (CFU)/mL of E. coli and 10 ppm As(III), 10 ppm As(V), and 10 ppm Pb(II). After that, we performed filtration of 100 mL spiked Mississippi River water sample using our PGLa and glutathione conjugated CNT-bridged 3D membrane. At the end, we have used inductively coupled plasma mass spectrometry (ICP-MS) for finding the As(III), As(V) and Pb(II) removal amount. We have also used RT-PCR to find out the removal efficiency for E. coli O157:H7 bacteria. As shown in Figure 5 , our data clearly show that PGLa and glutathione conjugated CNT-bridged 3D graphene oxide membrane can be used for the removal of more than 99% of E. coli O157:H7 bacteria, 98% of As(III), 94% of As(V), and 98% of Pb(II) simultaneously from infected Mississippi River water.
CONCLUSIONS
In conclusion, we have reported the development of PGLa and glutathione conjugated CNT-bridged 3D graphene oxide membrane for disinfection of pathogenic E. coli O157:H7 bacteria and removal of As(III), As(V), and Pb(II) with very high efficiency. We demonstrated that PGLa antimicrobial peptide conjugated CNT-bridged porous 3D graphene oxide membrane has the capability to capture and completely disinfect pathogenic pathogenic E. coli O157:H7 bacteria from water. Our reported data indicate that because the pore size of the CNT-bridged membrane (∼400 nm) is much smaller than pathogenic E. coli O157:H7 bacteria (∼1.5 μm), only water can pass through the porous membrane, whereas E. coli O157:H7 bacteria were captured by the membrane, which had been confirmed by SEM, TEM, and fluorescence images. Using RT-PCR and colony counting data, we have shown that almost 100% of pathogenic E. coli O157:H7 bacteria can be captured from the water sample using PGLa peptide conjugated membrane. Our reported disinfection data indicate that the PGLa-attached CNT-bridged graphene oxide membrane can dramatically enhance the possibility of destroying pathogenic E. coli O157:H7 bacteria via synergistic effect where CNT-bridged 3D graphene oxide helps to trap E. coli and allow PGLa to bind easily with E. coli O157:H7 bacteria. This helps PGLa to penetrate the outer membrane of bacteria and kill E. coli O157:H7 bacteria.
Our experimental results show that glutathione-attached CNT-bridged 3D graphene oxide membrane can be used to remove As(III), As(V), and Pb(II) from water samples at the 10 ppm level. We have shown that the most efficient way to remove toxic metals is to use a glutathione-attached membrane, where glutathione binds with As(III), As(V), and Pb(II) and removes them from water. Our data demonstrate that PGLa and glutathione-attached CNT-bridged 3D graphene oxide membrane has the capability for highly efficient and simultaneous removal of E. coli O157:H7 bacteria, As(III), As(V), and Pb(II) from Mississippi River water. Though we are in a relatively early stage of development, our experimental data reported here open up a new possibility for effective removal of pathogenic bacteria and toxic metals from environmental samples. Before the membrane can be used for society, vigorous research needs to be conducted to find a cost-effective 
